Introduction
============

Among the Ras subfamily of small GTPases, R-Ras is unusual in its ability to promote membrane ruffling,[@R1] enhance cell adhesion[@R2]^-^[@R4] and promote cell spreading and migration.[@R5]^-^[@R7] A close relative of R-Ras, TC21, also promotes cell motility.[@R8] Cell migration is characterized by forward extension of the leading edge plasma membrane in lamellipodia and filopodia as a result of localized actin polymerization, with concomitant retraction of the cell rear.[@R9] These events are precisely controlled and dependent upon the actions of multiple classes of small GTPases, including Ras, Rho, Rab and Arf proteins.[@R10]^,^[@R11] R-Ras promotes spreading and migration of many cell types, distinct from related Ras family GTPases, through multiple mechanisms, such as regulating cell adhesion through integrin receptors and formation of focal adhesions[@R2]^,^[@R3]^,^[@R12]^-^[@R14] and downstream activation of Rac1 and Arf GTPases, phosphatidylinositol 3-kinase (PI3K) and phospholipase Cε (PLCε) and stimulating their effects on actin remodeling, integrin activation and trafficking and membrane protrusion.[@R1]^,^[@R4]^,^[@R6]^,^[@R7]^,^[@R15] At present it is unclear how R-Ras integrates these signaling effects, or selectively engages specific pathways in different cell types.

Forward extensions at the leading edge are made possible in part by incorporation of new membrane material at the migrating front, provided by vesicles delivered from the cell interior. Thus, anterograde vesicle trafficking plays an essential role in forward protrusion and migration.[@R16] Membrane traffic through vesicular transport pathways is tightly coordinated by small GTPases of the Rab and Arf subfamilies.[@R17] As the plasma membrane continuously extends at the migrating front, membrane material is recycled from the leading edge in retrograde membrane ruffles. Vesicular traffic also transports proteins to and from the leading edge (ruffle) of the migrating cell, creating a cycle of anterograde and retrograde movement or proteins and membrane lipids through exocytic and endocytic vesicles.[@R16]^,^[@R18]

Subcellular targeting of Ras family small GTPases to endomembranes has garnered much attention as an important mechanism for regulating localized Ras signaling, contributing to distinct cellular functions of Ras isotypes.[@R19]^-^[@R21] Although Ras proteins H-, K-, N- and R-Ras are highly homologous and share nearly identical nucleotide and effector binding domains, their C-termini comprise hypervariable regions (HVRs), which are responsible for isotype-specific subcellular targeting. The HVRs terminate in a so-called CaaX box, consisting of a Cysteine (C) followed by two typically aliphatic residues (aa) and a variable amino acid (X). Ras proteins are initially synthesized as globular, cytoplasmic proteins, but subsequently undergo a series of lipid modifications within the CaaX box and at adjacent residues. The CaaX Cysteine is first subject to isoprenylation---farnesylation (C15) for H-, N- and K-Ras and geranylgeranylation (C20) for R-Ras (K-Ras can also be geranylgeranylated)---followed by proteolytic cleavage removing the aaX sequence and carboxymethylation of the isoprenylated terminal Cysteine. These modifications support interactions of the Ras proteins with ER membranes.[@R22] The HVRs in H-, N- and R-Ras also contain target sites for secondary, reversible acylation, namely S-palmitoylation, whereby palmitate (C16:0) is linked by palmitoyl transferases to an adjacent Cysteine by a thioester linkage (C181 and 184 in H-Ras, C181 in N-Ras and C213 in R-Ras). Palmitoylation of H-, N- and R-Ras occurs at the Golgi, and in the cases of H- and N-Ras, this modification is necessary for sorting into secretory vesicles and subsequent trafficking to the plasma membrane, and depalmitoylation at the plasma membrane completes the cycle by driving H- and N-Ras retrograde recycling to the Golgi.[@R23]^-^[@R27]

Palmitoylated H- and N-Ras traffic to the plasma membrane via vesicles which include recycling endosomes (RE), a specialized class of sorting vesicles which facilitate both slow and rapid trafficking and recycling of many proteins including growth factor receptors, integrins and signaling molecules such as small GTPases Rab11 and Arf6.[@R17]^,^[@R28]^,^[@R29] R-Ras has also been localized to RE,[@R30] suggesting a common mode of regulation of trafficking of some Ras proteins by palmitoylation. RE play essential roles in cell spreading and migration, delivering both membrane components, including lipid rafts, as well as signaling proteins to the plasma membrane.[@R28]^,^[@R31]^-^[@R34] Thus, R-Ras trafficking in recycling endosomes may relate to its roles in cell spreading and migration, but this connection has not been well established. However, R-Ras has also been observed in other vesicular compartments, based on co-localization studies with the RE marker Rab11a, which is classically associated with slow recycling pathways.[@R1]^,^[@R35] In this study we investigated the trafficking dynamics of R-Ras in living cells, the contributions of post-translational lipid modifications and downstream effects on cell spreading.

Results
=======

R-Ras traffics to membrane ruffles in recycling vesicles
--------------------------------------------------------

We used N-terminal green (GFP) or red fluorescent protein (RFP) fusions of R-Ras and H-Ras small GTPases ([Fig. 1A](#F1){ref-type="fig"}) coupled with time-lapse confocal microscopy in NIH 3T3 cells to investigate the trafficking dynamics of these proteins in living cells. RFP-R-Ras(G38V), a constitutively active variant of R-Ras,[@R36] was associated with membranes of recycling endosomes (RE) as indicated by co-localization with GFP-Rab11, a RE marker ([Fig. 1B](#F1){ref-type="fig"}), consistent with earlier reports.[@R1]^,^[@R30] Wild type (wt) R-Ras as well as H-Ras also partially co-localized in vesicles with internalized transferrin (Tf), confirming RE targeting for both R-Ras and H-Ras in these cells ([Fig. 1C](#F1){ref-type="fig"}). The R-Ras-containing RE trafficked in anterograde fashion toward the leading edge of migrating cells; however, R-Ras was also in Tf- and Rab11-negative vesicles that also trafficked toward the leading edge ([Fig. 1B and C](#F1){ref-type="fig"}; [**Vid. S1**](#SUP1){ref-type="supplementary-material"}). R-Ras at the leading edge was enriched in membrane ruffles, as previously described,[@R1] and recycled in retrograde fashion from ruffles into smaller vesicles. However, R-Ras recycling in the ruffles and retrograde vesicles was not associated with Rab11 in our cells ([Fig. 1B](#F1){ref-type="fig"}; [**Vid. S1**](#SUP1){ref-type="supplementary-material"}). Dominant negative R-Ras(S43N), which cannot bind guanine nucleotide, was localized in puncta dispersed throughout the cell and was completely absent from the plasma membrane ([**Fig. S1A**](#SUP1){ref-type="supplementary-material"}), as previously observed[@R1]; moreover, puncta containing this inactive R-Ras mutant oscillated rapidly in the cytoplasm but did not engage in any apparent directed trafficking ([**Vid. S2**](#SUP1){ref-type="supplementary-material"}).Thus, active R-Ras traffics to membrane ruffles in part via recycling endosomes and recycles from membrane ruffles at the leading edge via Rab11- and Tf-negative vesicle trafficking.

![**Figure 1.** R-Ras traffics to membrane ruffles in recycling vesicles. (A) R-Ras and H-Ras constructs used in this study, expressed as red or green fluorescent protein (RFP or GFP) fusions. G38V and G12V (starred) are constitutively active mutants of R-Ras and H-Ras, respectively. HVR C-terminal sequences are shown with post-translational modification sites indicated: palmitoyl, blue; geranylgeranyl, green; farnesyl, purple; mutations are shown in red. R-Ras(G38V/203)H-Ras(175--189) is activated R-Ras, residues 1--203, deleted in the HVR and replaced with the farnesyl-specific HVR of H-Ras. R-Ras(S43N) is constitutively inactive. (B) R-Ras and Rab11 trafficking in live, spread cells. RFP-R-Ras(G38V) (red) and GFP-Rab11 (green) were tracked in live NIH 3T3 cells by confocal microscopy. Images were acquired every 30 sec to facilitate vesicle tracking; representative images are shown. Left panels (1) show R-Ras anterograde transport with recycling endosomes. R-Ras transport vesicles included Rab11-containing RE and Rab11-negative puncta. Right panels (2) show retrograde R-Ras transport from membrane ruffles that do not contain Rab11. Arrowheads point to individual R-Ras/Rab11 vesicles tracked across images. The lower panel shows a representative image of the whole cell used for imaging, at lower magnification, with zones 1 and 2 indicated by white boxes. (C) R-Ras and H-Ras (wt) partially traffic in transferrin (Tf)-containing RE. Cells expressing GFP-R-Ras or -H-Ras (green) were labeled with Alexa546-Tf (red) by a pulse-chase scheme (see Materials and Methods) and viewed by live confocal microscopy with images acquired every 30 sec. Areas of co-localization are seen as yellow. Inset areas in white boxes are shown at 2x. Arrowheads point to Tf-negative R-Ras or H-Ras vesicles. Bars, 10 μm.](sgtp-3-139-g1){#F1}

Endogenous R-Ras and H-Ras partially co-localized with GFP-Rab11 and with GFP-GM130, a *cis*-Golgi marker,[@R37] as indicated by antibody labeling in fixed cells, but the Ras GTPases were primarily in Rab11-negative tubulo-vesicular structures ([**Fig. S1B**](#SUP1){ref-type="supplementary-material"}). These structures appeared as a partially connected network and did not resemble the discreet vesicular patterns of fluorescent-tagged Ras or Rab11 in living cells; furthermore vesicles appeared as puncta such that lumens could not be clearly distinguished in this case, suggesting morphological alterations of these structures as a result of fixation. R-Ras has also been reported to be enriched at focal adhesion sites; however, we did not observe characteristic focal adhesion patterns in these cells with RFP-R-Ras, which furthermore did not colocaize with GFP-paxillin, a focal adhesion marker[@R38] ([**Fig. S1C**](#SUP1){ref-type="supplementary-material"}).

R-Ras and H-Ras segregate into distinct vesicles near the leading edge in a HVR-dependent manner
------------------------------------------------------------------------------------------------

R-Ras is associated with lamellipodia formation, membrane ruffling, cell spreading and cell migration, in a manner which appears to be distinct from H-Ras.[@R1]^,^[@R5]^-^[@R7]^,^[@R15] However, both of these proteins localize to RE, have palmitoylation target sites and share nearly identical effector binding domains.[@R1]^,^[@R25]^,^[@R30]^,^[@R39] We compared the vesicle trafficking patterns of these GTPases by co-expression of GFP and RFP fusions of wild type or mutant H-Ras and R-Ras. As an initial indication of the contributions of vesicle trafficking to the distinct functions of R-Ras and H-Ras, we co-expressed constitutively active GFP-H-Ras(G12V) with RFP-R-Ras(G38V) in NIH3T3 cells and observed the localization of these proteins in spread, fixed cells. As before, vesicular staining in these fixed cells appeared more punctal than in live cells, in which vesicle membrane localization can be more clearly observed. H-Ras and R-Ras co-localized in vesicles proximal to the nucleus and Golgi and also localized in distinct puncta in this region. However, in distal regions of the cell closer to the leading edge, H-Ras and R-Ras segregated completely into distinct vesicle populations ([Fig. 2A](#F2){ref-type="fig"}).

![**Figure 2.** R-Ras and H-Ras segregate into distinct vesicles near the leading edge in a HVR-dependent manner. (A) Cells co-transfected with GFP-H-Ras(G12V) and RFP-R-Ras(G38V) were seeded at low density to allow for random migration, then fixed and imaged by confocal microscopy; merged images are shown at the bottom. The two boxed zones are shown at high magnification. H-Ras and R-Ras co-localized in vesicles proximal to the nucleus (1), but occupied distinct compartments (2) closer to the leading edge of the cell (dotted white line). (B) GFP-R-Ras(G38V) (green) and RFP-R-Ras(G38V/203)H-Ras(175--189) were co-expressed and imaged in live, randomly migrating cells. Merged images are shown at the bottom. White arrowheads point to selected vesicles containing either R-Ras(G38V) or R-Ras(G38V/203)/H-Ras(175--189). Bars, 7.5 μm.](sgtp-3-139-g2){#F2}

We considered that the segregation of these GTPases into different vesicle populations may have resulted from the divergent membrane targeting domains in the HVRs, which have been shown to be responsible for segregation of these proteins into distinct microdomains at the plasma membrane.[@R40] To test this possibility, we co-expressed a variant of activated R-Ras fused to RFP, R-Ras(G38V/203)/H-Ras(175--189), in which the HVR of R-Ras has been replaced by that of H-Ras[@R41] ([Fig. 1A](#F1){ref-type="fig"}). This mutation is predicted to substitute a geranylgeranylation target site from R-Ras with a farnesylation target site (from H-Ras), while maintaining a palmitoylation site that is common to both. This R-Ras mutant demonstrated H-Ras-like sorting behavior, by which it co-localized with R-Ras only in Golgi-proximal vesicles but segregated from R-Ras near the leading edge \[[Fig. 2B](#F2){ref-type="fig"} and [**Vid. S3**](#SUP1){ref-type="supplementary-material"}; calculated Pearson's correlation coefficient for R-Ras(G38V/203)/H-Ras(175--189) and R-Ras(G38V) in whole cells, 0.56 ± 0.11\]. In contrast, this R-Ras variant co-localized substantially with H-Ras throughout the cell ([Fig. 2B](#F2){ref-type="fig"}; Pearson's correlation coefficient, 0.77 ± 0.04), and trafficked in vesicles which mostly lacked Rab11 and was only in small membrane ruffles ([**Vid. S4**](#SUP1){ref-type="supplementary-material"}). Thus, R-Ras and H-Ras segregate into distinct trafficking vesicles toward the leading edge of migrating cells, and the vesicular sorting depends on the HVR sequences.

R-Ras trafficking to ruffles requires the R-Ras HVR and is distinct from H-Ras trafficking
------------------------------------------------------------------------------------------

To further understand R-Ras/H-Ras vesicular trafficking toward the leading edge in migrating cells, we measured fluorescence recovery after photobleaching (FRAP) of GFP-R-Ras, -H-Ras and -Rab11 in membrane ruffles at the leading edge in migrating cells. Fluorescence recovery curves showed the expected exponential trend. Interestingly, R-Ras(G38V) fluorescence in ruffles recovered after photobleaching at a faster rate than that of H-Ras(G12V), and bleached fluorescence in membrane ruffles was completely restored for R-Ras but only partially restored for H-Ras in the 250 sec experimental timeframe ([Fig. 3](#F3){ref-type="fig"};[**Fig. S2**](#SUP1){ref-type="supplementary-material"}). Furthermore, R-Ras fluorescence recovery was faster than that of Rab11, which more closely resembled the slower trafficking of H-Ras. The slower recovery of H-Ras was primarily due to the farnesyl-specific HVR, as R-Ras(G38V/203)H-Ras(175--189) recovery was much slower, with a lower mobile fraction, than for R-Ras(G38V) and instead resembled the H-Ras recovery profile ([Fig. 3](#F3){ref-type="fig"}). Wild type R-Ras and H-Ras exhibited similar subcellular distributions and FRAP profiles as their constitutively active counterparts. Initial recovery for R-Ras(wt) was slightly slower than for R-Ras(G38V), but in both cases fluorescence completely recovered in ruffles. However, both R-Ras(wt) and H-Ras(wt) showed faster turnover in broad membrane ruffles than the constitutively active mutants, indicated by periodic fluctuations in FRAP of wild type R-Ras and H-Ras in the ruffle zone ([Fig. 3](#F3){ref-type="fig"}). Thus, R-Ras and H-Ras engage in distinct anterograde trafficking patterns toward membrane ruffles at the leading edge in randomly migrating cells, with faster R-Ras trafficking dependent on the R-Ras HVR.

![**Figure 3.** Fast R-Ras trafficking to ruffles requires the R-Ras HVR, and is distinct from slow H-Ras trafficking. (A) Fluorescence recovery after photobleaching (FRAP) was assessed in a \~100 μm^2^ boxed region at the leading edge of migrating cells expressing GFP-R-Ras, -H-Ras or -Rab11 fusions as indicated. GFP fluorescence intensities were measured for the selected area before (set to a normalized value of 100%) and after bleaching at 5 sec for the first minute, followed by 10 sec intervals for 3 min. Intensities were normalized with an adjacent, non-bleached zone, and are shown as percent recovery ± SD. At least 15 cells per type were measured; representative of three independent experiments. (B) Time of recovery (*t*~1/2~) and mobile fraction (M~f~) for fluorescence in leading edge membrane ruffles are shown ± S.D, calculated from exponential curve fits with a minimum R^2^ of 0.95.](sgtp-3-139-g3){#F3}

R-Ras palmitoylation is required for vesicular localization and for vesicle-mediated R-Ras trafficking to the leading edge
--------------------------------------------------------------------------------------------------------------------------

To determine the contributions of lipid modifications to R-Ras localization and trafficking, we mutated each of the two lipid modification sites in the R-Ras HVR (see [Fig. 1A](#F1){ref-type="fig"}). A C215S mutation destroys the geranylgeranylation targeting site, and has been shown by subcellular fractionation techniques to inhibit membrane association.[@R40] Indeed, this variant of constitutively active R-Ras (fused to RFP) did not co-localize with co-expressed R-Ras(G38V), but was diffuse in the cytosol and did not appear to be associated with membranes. The C215S R-Ras variant also localized to the cell nucleus ([Fig. 4A](#F4){ref-type="fig"}). In contrast, RFP-R-Ras(G38V/C213S), mutated at its single palmitoylation target site, appeared associated with Golgi membranes as previously shown,[@R42] where it co-localized with R-Ras(G38V), but was absent from cytosolic vesicles and the plasma membrane. R-Ras(G38V) harboring C213S/C215S double mutation, which ablates both modification sites, was diffuse in the cytosol and in the nucleus, and did not co-localize with R-Ras(G38V) ([Fig. 4A](#F4){ref-type="fig"}). To confirm that the perinuclear sequestration of the C213S mutant reflected Golgi localization, we co-expressed the R-Ras variants with GFP-GM130. Whereas R-Ras co-localized with GM130 and was also present in vesicles and at the plasma membrane, R-Ras harboring the C213S mutation co-localized almost entirely with GM130, confirming Golgi sequestration of this R-Ras mutant ([Fig. 4B](#F4){ref-type="fig"}). The C215S mutant was diffuse in the cytosol and nucleus and did not localize to the Golgi ([Fig. 4A and B](#F4){ref-type="fig"}). Thus, geranylgeranylation of R-Ras is required for R-Ras membrane anchoring and sequestration from the nucleus, whereas palmitoylation of R-Ras is specifically required for exit from the Golgi apparatus into post-Golgi vesicles.

![**Figure 4.** R-Ras palmitoylation is required for localization in vesicles and at the leading edge. (A) Cells co-expressing GFP-R-Ras(G38V) (green) with RFP-R-Ras(G38V) (red) harboring C-terminal site mutations were seeded in chamber slides and imaged live by confocal microscopy. Merged images are shown at the bottom. (B) RFP-R-Ras variants (red) co-expressed with Golgi marker GFP-GM130 (green). R-Ras(wt) partially localized to the Golgi (overlap seen as yellow). The C213S mutant was sequestered in the Golgi, whereas Golgi association was blocked by C215S mutation. Bars, 10 μm.](sgtp-3-139-g4){#F4}

H-Ras vesicular targeting does not require R-Ras trafficking
------------------------------------------------------------

Since both H-Ras and R-Ras traffic from the Golgi into RE, and depalmitoylated R-Ras is sequestered in the Golgi, we considered whether H-Ras anterograde trafficking from the Golgi requires R-Ras. H-Ras(wt) was in perinuclear compartments, presumably Golgi, as well as in vesicles, in the presence of co-expressed R-Ras(G38V/C213S) or R-Ras(G38V/C215S) ([Fig. 5](#F5){ref-type="fig"}). Thus, H-Ras vesicular targeting was not blocked by these R-Ras mutants, indicating that H-Ras is able to localize to trafficking vesicles in cells in which R-Ras is sequestered in the Golgi or displaced from membranes. However, H-Ras was not observed at the plasma membrane in these cells, compared with H-Ras in dorsal ruffles in cells expressing RFP alone. These results suggested that R-Ras mistargeting yields dominant effects on membrane ruffling.

![**Figure 5.** H-Ras vesicular targeting does not require R-Ras trafficking. RFP alone or fused to R-Ras variants as indicated (red) was co-expressed with GFP-H-Ras(wt) (green) and live cells were imaged by confocal microscopy. R-Ras Cysteine mutations altered R-Ras localization and blocked membrane ruffling but did not prevent H-Ras vesicular targeting. Bar, 10 μm.](sgtp-3-139-g5){#F5}

R-Ras lipid modification is required for membrane ruffling and for R-Ras enhancement of cell spreading
------------------------------------------------------------------------------------------------------

We next investigated the ruffling and spreading capacities of cells transiently transfected with RFP fusions of R-Ras harboring mutations or substitution of the lipid modification sites. Whereas R-Ras(G38V) promoted enhanced membrane ruffling and cell spreading over control as expected,[@R6] activated R-Ras mutated at its palmitoylation or geranylgeranylation site, or at both sites, blocked membrane ruffling ([Fig. 6A](#F6){ref-type="fig"}) and was unable to stimulate spreading ([Fig. 6B](#F6){ref-type="fig"}). R-Ras containing the H-Ras C-terminal domain was still able to support ruffling and spreading, consistent with the ability of this R-Ras variant to traffic in vesicles to membrane ruffles (see also [Figs. 2B](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). Dominant negative R-Ras(S43N) or R-Ras knockdown with a short hairpin RNA (shRNA) each inhibited spreading (and hence, membrane ruffling), confirming the previously noted requirement for R-Ras activity in spreading.[@R6] Thus, palmitoylation and geranylgeranylation at C213 and C215 are both necessary for membrane ruffling and stimulation of cell spreading by activated R-Ras.

![**Figure 6.** Cell spreading and ruffling regulated by R-Ras lipid modification. Cells were transiently transfected with RFP vector alone (RFP), RFP-R-Ras fusions or RFP plus R-Ras shRNA as indicated. After 24 h, cells were seeded onto fibronectin-coated surfaces and membrane ruffling (A) and cell spreading (B) in RFP-positive cells were determined as described in Materials and Methods. (A) Percentages of transfected cells displaying edge ruffles for at least 100 cells per sample are shown + SEM \*, p \< 0.001. (B) Average cell areas for at least 100 cells per sample are shown + SEM \*, p \< 0.05; \*\*, p \< 0.004; \*\*\*, p \< 0.003. Data are from three independent experiments each.](sgtp-3-139-g6){#F6}

R-Ras vesicles are PI(3,4,5)P~3~-negative, whereas R-Ras co-localizes with PI(3,4,5)P~3~ in membrane ruffles from which R-Ras is recycled
-----------------------------------------------------------------------------------------------------------------------------------------

The rapid vesicular trafficking of R-Ras relative to H-Ras to the leading edge plasma membrane and ruffles suggested that delivery of these Ras isotypes to the plasma membrane could localize Ras-specific signaling to this region to regulate cell spreading and migration. We co-transfected cells with RFP-R-Ras(G38V) and GFP fused to the pleckstrin homology domain of the kinase Akt (GFP-PH-Akt), a marker for PI(3,4,5)P~3~ \[PtdIns(3,4,5)*P*~3~\],[@R43] and hence, a marker for activity of phosphatidylinositol 3-kinase (PI3K), an effector of R-Ras and H-Ras. The dynamics of these proteins in migrating cells were then monitored using time-lapse confocal microscopy. Interestingly, R-Ras co-localized with PH-Akt in the membrane ruffles at the leading edge of the cell, but PH-Akt was absent from R-Ras vesicles trafficking anterograde toward the leading edge ([Fig. 7A](#F7){ref-type="fig"}). PH-Akt remained in ruffles co-localized with R-Ras as the ruffles moved retrograde. In some instances R-Ras-containing vesicles emerged from the ruffles, and these retrograde R-Ras vesicles did not contain PH-Akt ([Fig. 7A](#F7){ref-type="fig"}; [**Vids. S5A--C**](#SUP1){ref-type="supplementary-material"}).

![**Figure 7.** R-Ras vesicles are PI(3,4,5)P~3~-negative, whereas R-Ras co-localizes with PI(3,4,5)P~3~ in membrane ruffles from which R-Ras is recycled. RFP-R-Ras (red) was co-transfected with GFP-PH-Akt (green), as a marker for PI(3,4,5)P~3~. (A) Dynamics of R-Ras(G38V) and PH-Akt monitored in a migrating cell. Images were acquired every 30 sec; 1 min intervals are shown. R-Ras was in perinuclear vesicles which trafficked toward the plasma membrane (e.g., white arrowheads), and in retrograde membrane ruffles. In contrast, PH-Akt was restricted to the retrograde ruffles, where it co-localized with R-Ras. Both proteins moved in retrograde fashion in the ruffles. In some cases R-Ras recycled from ruffles through vesicular structures (e.g., yellow arrowheads) that lacked PH-Akt. (B) RFP or RFP-R-Ras fusions as indicated, co-expressed with GFP-PH-Akt and imaged in live cells by confocal microscopy. Bars, 7.5 μm.](sgtp-3-139-g7){#F7}

GFP-PH-Akt was present in some small ruffles in cells expressing RFP alone ([Fig. 7B](#F7){ref-type="fig"}). Cells co-expressing RFP-R-Ras(wt) had broader ruffles than with RFP only, and R-Ras(wt) co-localized with PH-Akt in a manner similar to R-Ras(G38V). In cells expressing R-Ras containing the H-Ras targeting domain, PH-Akt was evident in internal ruffles; however, little if any PH-Akt was present in dorsal membrane ruffles at the cell periphery ([Fig. 7B](#F7){ref-type="fig"}). Interestingly, R-Ras(G38V) mutated at its palmitoylation site (C213S), which sequestered activated R-Ras in the Golgi and prevented ruffling (see [Figs. 4](#F4){ref-type="fig"} and [6](#F6){ref-type="fig"}), blocked localization of PH-Akt at the plasma membrane. Geranylgeranyl-deficient R-Ras(G38V/C215S), sequestered in the cytosol, and double mutant C213,215S had similar effects, as did dominant negative R-Ras(S43N) ([Fig. 7B](#F7){ref-type="fig"}).

PtdIns(3,4,5)*P*~3~ in ruffles and R-Ras/PI3K interaction require R-Ras palmitoylation and trafficking
------------------------------------------------------------------------------------------------------

The above results indicated a spatiotemporal correlation of R-Ras anterograde trafficking to the leading edge with PtdIns(3,4,5)*P*~3~ generation in membrane ruffles. Combined with our finding that R-Ras palmitoylation is required for its trafficking in vesicles and enrichment in membrane ruffles, we considered whether R-Ras palmitoylation is involved in PI3K activity in ruffles, resulting in the localized production of PtdIns(3,4,5)*P*~3~ phospholipids. To investigate this possibility further, we stained fixed cells, transfected with R-Ras variants, using antibodies to PtdIns(3,4,5)*P*~3~. The antibody staining patterns revealed PtdIns(3,4,5)*P*~3~ localization in vesicular patterns that were not observed with GFP-PH-Akt, indicating potential limitations of the ability of GFP-PH-Akt to label intracellular PtdIns(3,4,5)*P*~3~. These results further demonstrate that R-Ras lipid modifications are not required for PtdIns(3,4,5)*P*~3~ generation per se. However, PtdIns(3,4,5)*P*~3~ vesicles did not co-localize with R-Ras ([Fig. 8A](#F8){ref-type="fig"}). Moreover, we observed PtdIns(3,4,5)*P*~3~ staining in peripheral membrane ruffles co-localized with R-Ras(wt and G38V), but we did not detect PtdIns(3,4,5)*P*~3~ staining in cells expressing other R-Ras variants. GFP-positive cells co-transfected with R-Ras shRNA were rounded and did not spread (see [Fig. 6](#F6){ref-type="fig"}); hence, these cells also did not ruffle and it was not possible to discern precisely the localization of GFP-PH-Akt or PtdIns(3,4,5)*P*~3~ in these cells (results not shown).

![**Figure 8.** PtdIns(3,4,5)*P*~3~ in membrane ruffles requires R-Ras lipid modification. (A) GFP-R-Ras fusions as indicated were imaged along with PtdIns(3,4,5)*P*~3~ antibody staining in fixed cells. White arrowheads point to PtdIns(3,4,5)*P*~3~ in ruffles, co-localized with R-Ras. Bar, 7.5 μm. (B) Cells transfected with the indicated GFP-R-Ras fusions were serum-starved (0.5%) for 2 d and either fed with serum (10%) for 30 min (+ FBS) or kept in starvation medium (-) before being lysed. Lysates were subjected to western blotting with antibodies to GFP, total Akt (Akt) or Akt phosphorylated at Ser473 (pAkt). Densitometric ratios of pAkt:Akt are shown as fold change relative to the starved cell ratio. Representative of three independent experiments. (C) GFP or GFP-R-Ras fusions as indicated were transfected, then immunoprecipitated from cell extracts using GFP antibodies. GFP and R-Ras fusions, and endogenous p110α subunit of PI3K were detected by immunoblotting the immunoprecipitate (IP) or whole cell lysate (WCL) fractions using GFP and p110α-specific antibodies. Representative of four independent experiments.](sgtp-3-139-g8){#F8}

Next we assessed the ability of R-Ras to stimulate PI3K in serum-starved cells, indicated by phosphorylation of Akt (at Ser473). R-Ras(wt) was a poor stimulator of Akt phosphorylation; however, expression of R-Ras(G38V) induced Akt phosphorylation in starved cells ([Fig. 8B](#F8){ref-type="fig"}). Blockade of R-Ras with dominant negative (S43N) or shRNA partially inhibited serum-induced Akt phosphorylation, demonstrating an important role for R-Ras activation in this process. This stimulatory effect of activated R-Ras was blocked by mutation of the palmitoylation site (C213S), although surprisingly the C215S mutant was able to stimulate Akt phosphorylation in this system. However, the double Cys mutant was not, indicating a selective requirement of R-Ras palmitoylation for inducing Akt phosphorylation. Similarly, R-Ras(G38V) interacted strongly \[compared with weaker interaction of R-Ras(wt)\] with the p110(α) subunit of PI3K, which is responsible for PtdIns(3,4,5)*P*~3~ generation, whereas either Cys mutation (213S or 215S) blocked this interaction ([Fig. 8C](#F8){ref-type="fig"}). Thus, R-Ras interaction with PI3K leading to recruitment of GFP-PH-Akt and localization of PtdIns(3,4,5)*P*~3~ at leading edge membrane ruffles requires R-Ras activation and palmitoylation, and R-Ras mutated in the C-terminal lipid modification sites yields dominant negative effects on PtdIns(3,4,5)*P*~3~ localization and on ruffle formation.

Discussion
==========

The results from this study describe a mechanism of R-Ras intracellular trafficking and its effects on localized signaling, membrane ruffling and cell spreading. Activated R-Ras associated with Rab11- and Tf-positive and -negative vesicle membranes and trafficked in anterograde fashion, delivering R-Ras into membrane ruffles in migrating cells. Trafficking of R-Ras into ruffles was rapid compared with H-Ras, and R-Ras and H-Ras segregated into distinct vesicle populations approaching the leading edge in a manner dependent on the Ras HVR. Palmitoylation and geranylgeranylation of activated R-Ras were both required for anterograde trafficking, membrane ruffling and cell spreading. Anterograde R-Ras vesicle membranes did not contain PtdIns(3,4,5)*P*~3~, whereas activated R-Ras co-localized with PtdIns(3,4,5)*P*~3~ in membrane ruffles at the leading edge. Blockade of R-Ras palmitoylation blocked PI3K association and PtdIns(3,4,5)*P*~3~ generation at the plasma membrane. Thus, lipid modification of R-Ras, in particular palmitoylation, drives anterograde R-Ras vesicular trafficking leading to localized PtdIns(3,4,5)*P*~3~ generation and membrane ruffling at the leading edge, and to cell spreading.

GFP and RFP N-terminal fusions of activated R-Ras co-localized in vesicles with two recycling endosome (RE) markers, transferrin (Tf) and Rab11, and R-Ras was also in Rab11- and Tf-negative vesicles, as previously noted.[@R1]^,^[@R30] These studies described endocytosis of R-Ras from membrane ruffles through Rab11-positive and -negative vesicles; however in our cells these retrograde R-Ras vesicles did not contain Rab11 or Tf. In this study we extended these initial observations to track anterograde R-Ras trafficking from intracellular compartments to membrane ruffles at the plasma membrane in living cells, and we found that R-Ras anterograde trafficking to ruffles also occurred in both Rab11- and Tf-positive and -negative vesicles. This divergence may reflect dynamic sorting within the RE, from which slow trafficking Rab11-dependent vesicles and faster Rab4-dependent vesicles can emerge.[@R35]^,^[@R44] Trafficking driven by both of these Rab GTPases has been implicated in persistent cell migration.[@R45]^-^[@R47] Dominant negative R-Ras was unable to traffic to the plasma membrane, consistent with earlier imaging studies in which inactive R-Ras was absent from the plasma membrane.[@R1] Thus, R-Ras cycles via exocytic and endocytic vesicular trafficking pathways through membrane ruffles. R-Ras has also been observed in focal adhesions in HeLa cells;[@R42] however, in our NIH 3T3 cells seeded on integrin substrates (fibronectin), this was not the case. This difference may be due to cell-type specific effects: R-Ras focal adhesion targeting in HeLa cells was blocked by cholesterol depletion, and membranes of these cells have significantly higher cholesterol:phospholipid ratios than NIH 3T3 cells.[@R48] It is possible that a minimum threshold of membrane cholesterol content is required for focal adhesion targeting of R-Ras and that threshold is not reached in our cells.

Both R-Ras and H-Ras have been observed in RE by different groups,[@R1]^,^[@R25]^,^[@R29]^,^[@R30]^,^[@R49]^,^[@R50] and we found that these two related small GTPases co-localized in perinuclear vesicles which are likely RE. However, proximal to the plasma membrane, R-Ras and H-Ras segregated independently into separate anterograde trafficking pathways. Segregation was dependent upon the different membrane anchors within these GTPases, as activated R-Ras in which the C-terminal membrane-targeting domain is replaced by that of H-Ras,[@R41] co-localized with H-Ras in vesicular compartments throughout the cell, including proximal to the plasma membrane and in ruffles, and segregated from activated R-Ras along separate vesicular trafficking pathways. This R-Ras variant has previously been shown to adopt H-Ras-like plasma membrane microdomain distribution (e.g., displaced from lipid rafts[@R41]). Similarly, although both R-Ras and H-Ras were enriched in ruffles, targeting of these small GTPases to ruffles from intracellular compartments occurred on different time scales: R-Ras FRAP in ruffles was significantly faster than that of H-Ras, resulting in more complete recovery over the experimental time frame, even though in both cases recovery was driven by vesicle trafficking to the plasma membrane. Diminished recovery for H-Ras could result from slower anterograde trafficking of H-Ras vesicles (see, e.g., [**Vid. S3**](#SUP1){ref-type="supplementary-material"}), although other effects such as longer retention times in the Golgi could not be ruled out. Again, replacing geranylgeranylation with farnesylation targeting domain switched R-Ras to H-Ras-like behavior. A switch mutant from farnesylation to geranylgeranylation in H-Ras has been shown to have no effect on retrograde H-Ras trafficking to the Golgi;[@R26] our results suggest that the specific prenylation motifs in H-Ras and R-Ras instead may play an active role in anterograde trafficking.

We note that in our case recovery of H-Ras in ruffles was significantly slower than plasma membrane recovery observed in COS7 cells by Henis et al., using Gaussian-spot FRAP; we attribute these distinctions to known differences in FRAP kinetics using laser scanning confocal FRAP for a large area (\~100 μm^2^, e.g., longer bleaching and recovery times compared with Gaussian-spot FRAP)[@R51] and to differences between rates of lateral diffusion including membrane/cytoplasm exchange, and vesicle delivery to membrane ruffles. Thus, this protracted FRAP timescale in our case allowed us to analyze different rates of transport of Ras proteins into large subcellular structures, namely, membrane ruffles. Indeed, H-Ras fluorescence did recover quickly at the plasma membrane on a timescale matching the lateral diffusion seen previously---to a relatively lower proportion of pre-bleach fluorescence as the initial fluorescence in ruffles is substantially higher than in non-ruffling membranes---but specific recovery in ruffles, apparently as a result of vesicle trafficking, was delayed for H-Ras relative to R-Ras.

The unique trafficking patterns of activated R-Ras, driven by its C-terminal membrane-targeting domains, can be attributed to post-translational lipid modification of R-Ras dictated by the sequence in this domain. Mutation of the geranylgeranylation site (C215S) sequestered activated R-Ras in the cytosol, consistent with earlier biochemical fractionation studies,[@R40] as well as in the nucleus, and this mutant was unable to traffic to the plasma membrane. Nuclear localization may have been due to the inability of this R-Ras variant to attach to extranuclear membranes, which might allow R-Ras to traffic into the nucleus, although the mechanism remains unclear. In contrast, mutation of the palmitoylation site (C213S) did not disrupt Golgi membrane anchorage of activated R-Ras but prevented its delivery from the Golgi into exocytic vesicles,[@R52] in line with Golgi sequestration of a similar mutant (C213A);[@R42] in our cells the palmitoylation mutant was also unable to traffic to ruffles at the plasma membrane. Palmitoylation-dependent trafficking is consistent with increased association of R-Ras with cholesterol/sphingomyelin-rich plasma membrane microdomains by overexpression of the palmitoyl transferase DHHC19, for which R-Ras is a substrate.[@R53] The double Cysteine mutant was also cytosolic and in the nucleus, similar to the single CaaX box C215S mutant, possibly reflecting the general notion that blocking secondary isoprenylation, e.g., geranylgeranylation, for CaaX box proteins such as for the C215S single Cysteine mutant may inhibit palmitoylation as well.[@R54] Together, these results indicate that geranylgeranylation of R-Ras is required for stable membrane anchorage in the cell, whereas palmitoylation at C213 specifies sorting into trafficking vesicles. Interestingly, blockade of H-Ras palmitoylation compromises its activity, possibly due to disruption of favorable conformational effects of palmitate-membrane interactions on H-Ras,[@R55]^,^[@R56] whereas GTP-locked H-Ras undergoes depalmitoylation at a faster rate than inactive H-Ras in cells.[@R57] It is conceivable that GTP-binding of R-Ras is similarly affected by palmitoylation. We note that H-Ras, as well as its close relative N-Ras, are palmitoylated in the Golgi, and are also associated with RE; palmitoylation of those GTPases is necessary for exit from the Golgi in post-Golgi secretory vesicles which associate with RE.[@R25]^-^[@R27] Moreover, although single palmitoylation of H-Ras at C181 provides insufficient membrane anchorage for access to RE, addition of apolar Leucine residues such as a C184L mutation, mimicking a wild type L184 residue in N-Ras, allows for RE localization by enhancing interactions with the membrane.[@R25]^,^[@R58]^,^[@R59] We note that the R-Ras CaaX sequence, CVLL, could potentially support a similar mechanism of enhanced membrane anchorage by monopalmitoylated R-Ras, although this remains to be tested. Our data support the notion that acylation---in the form of S-palmitoylation---combined with increased hydrophobicity due to a second palmitate (H-Ras) or the presence of adjacent Leu resides (N- and R-Ras) together may establish a common motif for H-, R- and N-Ras small GTPases for selective sorting into RE.

A functional role of rapid R-Ras vesicular trafficking to membrane ruffles appears to be to support R-Ras/PI3K interaction in cells and to stimulate the localized production of phosphatidylinositol (3,4,5)P~3~ \[PtdIns(3,4,5)*P*~3~\] from phosphatidylinositol (3,4)P~2~ \[PtdIns(4,5)*P*~2~\]. The ability of R-Ras mutated in the geranylgeranylation site to stimulate Akt phosphorylation despite being unable to interact with PI3K was unexpected and the mechanism is unclear. It is conceivable that this R-Ras variant can stimulate PI3K indirectly through unknown cofactors. Nonetheless, this R-Ras mutant did not support PtdIns(3,4,5)*P*~3~ or PH-Akt localization at peripheral membrane ruffles. Combined with the findings that either Cys mutant blocked ruffling and was unable to enhance spreading, these data support the notion that R-Ras trafficking and interaction with PI3K are required for R-Ras stimulation of ruffling and PtdIns(3,4,5)*P*~3~ localization leading to R-Ras-driven enhanced spreading; however, cells can spread in the absence of these R-Ras signals. PI3K is a major signaling effector of R-Ras; indeed, R-Ras and its paralog, TC21, can potently activate the p110δ isoform of PI3K, whereas H-Ras cannot.[@R60] PI3K has long been associated with cell spreading via lamellipodia formation, and with consequent cell migration, and with membrane ruffling---for example, by stimulating activation of the small GTPase Rac1, which is also downstream of R-Ras.[@R6]^,^[@R15]^,^[@R61]^-^[@R63] More directly, PtdIns(3,4,5)*P*~3~ is a hallmark of membrane protrusions induced by localized actin polymerization and may regulate ruffling; however this function may be cell type-specific.[@R64]^-^[@R66] A role for R-Ras activity in membrane ruffling has been noted previously.[@R1] Our studies indicate that R-Ras palmitoylation and its effects on R-Ras vesicular trafficking are responsible for this function of R-Ras, which is further correlated with localized stimulation of lipid phosphorylation in ruffles.

We propose that the ability of R-Ras to activate PI3K at the leading edge plasma membrane and generate membrane ruffles, driven by palmitoylation-dependent vesicular targeting of R-Ras to these regions, is a major mechanism of R-Ras-dependent cell spreading and migration. However, R-Ras has been correlated with cell spreading and migration through multiple pathways[@R3]^,^[@R5]^-^[@R7]^,^[@R15]^,^[@R67]; it will be interesting to investigate in more detail how this proposed mechanism contributes to this unique cellular function of the R-Ras small GTPase.

Materials and Methods
=====================

Antibodies and reagents
-----------------------

α-R-Ras, α-H-Ras, α-GFP and α-p110α antibodies were purchased from Santa Cruz Biotechnology. Mouse monoclonal α-myc tag antibodies (9E10) were from Millipore. Mouse monoclonal α-PtdIns(3,4,5)*P*~3~ antibodies were from MBL International. α-Akt and α-Akt(phosphoSer473) were from Invitrogen. AlexaFluor 546-conjugated transferrin was from Molecular Probes. Fluorophore-conjugated secondary antibodies were from Jackson Immunolabs or LICOR. Restriction endonucleases were obtained from New England Biolabs.

CDNAs
-----

pEGFP-C1 was from Clontech Laboratories. pCS2-mRFP-N1 was a gift of Randall Moon (Addgene plasmid 17143). GFP-H-Ras(wt and G12V) were gifts of K. Svoboda (Addgene plasmids 18662 and 18666, respectively). pEGFP-Rab11a and GFP-GM130 were gifts of Eugene Tkatchenko (University of California San Diego). GFP-paxillin was a gift of Clare Waterman (NHLBI). GFP-PH-Akt was a gift of Eleni Tzima (University of North Carolina). RFP-R-Ras constructs were generated from pEF4-nTAP-R-Ras plasmids[@R68] by subcloning into the pCS2-mRFP-N1 vector using BamH1/Xba1 restriction endonuclease sites. RFP-R-Ras(G38V/203)H-Ras(175--189) and RFP-R-Ras(G38V/C215S) were generated by subcloning from the original FLAG- and myc-tagged R-Ras constructs (gifts of Mark H. Ginsberg, University of California San Diego) into pCS2-mRFP-N1 using EcoR1 sites. RFP-R-Ras(G38V/C213S) was generated by PCR from the RFP-R-Ras(G38V) template using the following primer set: 5′-GGCGGGGGCAGCCCCTGCGTCCTCCTGTAG-3′ and 5′-CTACAGGAGGACGCAGGGGCTGCCCCCGCC-3′. RFP-R-Ras(G38V/C213,215S) was generated by PCR from the RFP-R-Ras(G38V/C215S) template using the following primer set: 5′-GGCGGGGGCAGCCCCAGCGTCCTCCTGTAG-3′ and 5′-CTACAGGAGGACGCTGGGGCTGCCCCCGCC-3′. GFP-R-Ras constructs were made by subcloning from the pCS2-mRFP-N1 vectors into pEGFP-C1 using BamH1/Xba1 restriction endonuclease sites. An R-Ras murine-specific shRNA targeting plasmid was generated in the pSUPER.retro.puro vector (OligoEngine) using the targeting sequence 5′-GCAAGCTCTTCACACAGAT-3′, according to the manufacturer's instructions.

Cell culture and transfections
------------------------------

NIH 3T3 cells (American Type Culture Collection) were maintained in DME (Cellgro) supplemented with 10% Bovine Calf Serum (BCS), 2 mM [L]{.smallcaps}-glutamine, 50 U/mL penicillin, 50 μg/mL streptomycin sulfate, and 1% nonessential amino acids (Sigma-Aldrich) at 37°C in 5% CO~2~. Cells were transfected with 5--10 μg plasmids/100 mm dish using Lipofectamine 2000 in Opti-MEM (Invitrogen) according to the manufacturer's instructions. Cells were analyzed 24--48 h after transfection.

Live and fixed cell immunofluorescence microscopy and fluorescence recovery after photobleaching (FRAP)
-------------------------------------------------------------------------------------------------------

Glass coverslips or LabTek II 8-chambered microscope slides (Nunc) were incubated with 5 μg/mL plasma fibronectin in 0.1 M NaHCO~3~ at 4°C overnight; after washing, the coverslips or slides were incubated for 30 min with 1% BSA/PBS that had been heat inactivated by incubation at 80°C for 30 min. Cells were detached with 0.1% trypsin and kept in suspension for 1 h at RT in DME containing 0.2% BSA, and then plated on the coated coverslips for 45 min at 37°C. Non-adherent cells were removed by washing two times with PBS, and in some cases the adherent cells were fixed in 3.7% formaldehyde/PBS for 20 min at RT. Fixed cells were washed and permeabilized with 0.1% Triton X-100/PBS for 5 min, washed with PBS, and incubated with primary antibodies for 1 h at RT, washed, then incubated with fluorophore-conjugated secondary antibodies for 1 h at RT. Coverslips were washed and mounted on slides with ProLong Gold anti-fade reagent (Invitrogen). Alexa546-Transferrin (Al-Tf) recycling experiments were performed in live cells by addition of 100 μg/mL Al-Tf in culture media for 1 h at 4°C. Media was removed, cells were rinsed twice, then ice-cold media was added and the cells were transferred to 37°C. Imaging was started after 10--15 min. Cells in all experiments were imaged using a Leica DM IRE2 microscope with a TCS SL confocal system, using a 63x/1.40 n.a. oil immersion objective and Leica imaging software. Fluorophores used were FITC, Cy3 and Cy5 (Jackson Immunoresearch). Images were captured by line sequential scanning using 4x line averaging and 3x frame averaging at 400 Hz scan speed. For live cell imaging, chamber slides were fitted onto the same microscope stage inside an atmosphere-controlled chamber, maintained at 37°C and 5% CO~2~. Images were acquired as above using GFP and RFP fluorescence scanning. For FRAP assays, a pre-bleach image was acquired at 10% laser power, after which a selected area was bleached at 100% laser power with two successive bleach scans separated by the minimum scan time of 5 sec, assisted by the microscope software. Post-bleach recovery images were acquired every 5 sec for the first minute, followed by 10 sec intervals for 3 min. Images for these sequences were acquired at 200 Hz scan speed with no line or frame averaging. Intensities were normalized with an adjacent, non-bleached zone. Post-acquisition image processing was performed using ImageJ and Adobe Photoshop. Operations included brightness/contrast adjustment to all pixels in the images, manual tracking of objects across multiple frames, and grouping of images. Fluorescence intensity analysis was performed using Microsoft Excel and FRAP coefficients were calculated from exponential curve fits using Kaleidagraph (Synergy Software). Pearson's correlation coefficients were calculated using Leica imaging software.

Cell spreading and ruffling
---------------------------

Cells were transiently transfected as above and cultured for 24 h, before being suspended with trypsin and seeded on fibronectin-coated coverslips for 45 min in atmospheric control, then fixed and mounted on slides as above. Coverslips were imaged on an epifluorescence microscope (Nikon E800) fitted with a SPOT charge-coupled device camera (Diagnostic Instruments). The area of RFP-positive cells was measured using ImageJ software.[@R69] Membrane ruffling in RFP-positive cells was scored as percent ruffling cells per field across 5--10 fields per sample, by observers blinded to the identity of the samples.

Immunoprecipitations and western blotting
-----------------------------------------

Cells were transiently transfected and in some cases serum-starved by culturing in DMEM/0.5% serum beginning 24 h after transfection. After 48 h, cell lysates were harvested by scraping in lysis buffer \[10 mM Tris-Cl, pH 7.5, 100 mM NaCl, 2 mM MgOAc, 10 μM GTP, 0.5% NP40 plus a cocktail of protease inhibitors (Roche)\] and maintained at 4°C. Insoluble material was removed by centrifugation. Fractions of the lysates were separated by SDS-PAGE, followed by western blotting with appropriate antibodies. For immunoprecipitations, supernatants were pre-cleared by incubation with Protein G-coupled sepharose beads (Roche) for 1 h at 4°C. Cleared lysates were incubated with 2 μg of the appropriate antibodies for 16 h at 4°C, followed by antibody capture on protein G-sepharose beads for 1 h. Antibody-bound complexes were precipitated by centrifugation, washed, and separated by SDS-PAGE, followed by western blotting with relevant antibodies.

All experiments in this study were performed at least in triplicate, except where indicated otherwise, and for microscopy results representative images are shown. One-way ANOVA followed by Fisher PLSD analysis was used for all statistical data analysis, using StatView (SAS). A 5% probability was considered significant.
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